Background. The United States is experiencing mumps outbreaks in settings with high 2-dose measles-mumps-rubella (MMR) vaccine coverage, mainly universities. The economic impact of mumps outbreaks on public health systems is largely unknown. During a 2015-2016 mumps outbreak at the University of Iowa, we estimated the cost of public health response that included a third dose of MMR vaccine.
Mumps, a viral disease that affects the salivary glands, is spread by salivary or respiratory secretions. The disease is usually mild; up to one-third of infected individuals may have nonspecific symptoms, but complications such as meningitis, encephalitis, orchitis, and deafness can occur [1] . In the absence of vaccination, mumps is a childhood disease [2] . The United States' long-standing 2-dose measles-mumps-rubella (MMR) childhood vaccination program led to a 99% reduction in reported mumps cases by 2005 [3, 4] . From 1993 From -2005 , only a few hundred mumps cases were reported annually. However, the United States has experienced a resurgence of mumps cases and outbreaks since 2006, with outbreaks with thousands of cases reported in 2006, 2009-2010, and 2015-2016 [5-8] . During 2016-2017, the outbreaks were typically smaller and more geographically spread and continued to occur mostly in populations/settings with high 2-dose vaccination coverage and environments with close contact that facilitate transmission (mainly universities); the highest incidence was in the 18-25 years age group [9] .
Epidemiologic and laboratory data suggest that waning of immunity after 2 doses of a mumps virus-containing vaccine contributes to mumps outbreaks among young adults [10] [11] [12] [13] , leading to increased interest in the use of a third dose of MMR vaccine for mumps outbreak control [14] [15] [16] [17] . In 2012, the US Centers for Disease Control and Prevention (CDC) issued guidance regarding consideration for use of a third dose of MMR vaccine in specifically identified target populations, on the basis of limited data on the effectiveness of the third dose. Administration of a third dose of MMR vaccine was neither a standard public health response to outbreaks nor a routine recommendation. A 2017 study showed a significant reduction in mumps incidence among third-dose MMR vaccine recipients [13] .
Implementing vaccine interventions during outbreak response can be both time-and resource-intensive for local and state public health departments. Two studies have assessed the economic burden of mumps outbreak response that also included administration of a third dose of MMR vaccine [18, 19] . In both, the outbreak was community-wide and the third dose was implemented primarily during school campaigns. An economic assessment of mumps outbreaks in universities, the primary setting where US mumps outbreaks occur, has not been performed. We assessed the costs of response activities during a 2015-2016 mumps outbreak in a university where the public health response included a university-wide third-dose MMR vaccination campaign [13, 17] to describe the economic burden of mumps outbreaks in university settings.
METHODS

Setting
The University of Iowa in Johnson County, Iowa, is a public university with ~22 000 undergraduate students. The university has had a 2-dose MMR vaccine requirement since 2012. Documentation of receipt of 2 MMR vaccine doses (ie, vaccination record with a provider signature) is required for registration. Compliance data are available from the university's electronic database. Before the 2015 fall semester, 98% of students had documentation of ≥2 MMR vaccine doses [13] . In summer and fall of 2015, a large mumps outbreak was reported at the university. An intensive outbreak containment effort began, with implementation of standard outbreak control measures: enhanced surveillance for early case-finding; rapid testing and isolation; public health messages to increase student awareness regarding mumps presentation, prevention of transmission, and adherence to isolation recommendations; verification of vaccination status; and catch-up 2-dose vaccination [17] . In October, a targeted third-dose MMR vaccine intervention was implemented at 1 fraternity (24 of 100 members were vaccinated).
As cases continued to occur despite these measures and given the high 2-dose MMR vaccine coverage among students, in early November the university and Johnson County Public Health (JCPH), in consultation with the Iowa Department of Public Health and the CDC, decided to implement a thirddose MMR vaccination. The third dose was provided free of charge to all students aged <25 years through vaccination clinics that took place at central campus locations. The university purchased the MMR vaccine from the private sector, and the state health department provided the vaccine for Vaccines for Children-eligible students. By the final week of the academic year on May 7, 2016, 319 mumps cases had been reported at the university (298 among students, 21 among staff) and 130 in the surrounding Johnson County community; 25% of students had received a third dose of the MMR vaccine [17] .
Data Collection and Analysis
The first mumps case at the university had symptom onset on July 13, 2015. The cost study included outbreak response activities that occurred during July 12, 2015-May 7, 2016; data collection was retrospective and ongoing between January 28 and May 7, 2016. Third-dose MMR vaccination was provided during 8 clinics from November 10 to 19, 2015. Response activities, personnel involved, and other resources allocated were identified by each institution. Personnel reported hours allocated weekly by specific activities based on chronological reports, time sheets, calendars, and personal records. Technicians who performed laboratory tests did not complete individual questionnaires; the respective section chiefs reported the collective time allocated weekly to perform the testing. Personnel time reported in hours was converted to costs using the reported hourly earnings of each individual, plus fringe benefits; labor costs for laboratory technicians were included in laboratory test costs. Overhead costs, that is, costs related to the resources required to support personnel work (eg, equipment, buildings), were based on the number of person-hours and each institution's rate. To calculate ancillary costs, counts and unitary costs were obtained for laboratory tests, vaccines administered, and miles traveled.
The third-dose vaccination clinics were staffed with volunteers, in addition to university and JCPH employees. Volunteers were University of Iowa nursing, public health, or pharmacy students and visiting nurses from a neighboring county. Volunteers performed specific activities: prevaccination screenings, vaccination, vaccine transport, and attendance in the postvaccine area. JCPH provided spreadsheets created at the time of the vaccination clinics with activities performed during the vaccination clinics, number of persons, and personnel hours for each activity. To estimate the value of volunteers' time (ie, the cost that would have been incurred by the university and JCPH had they needed to hire personnel to complete vaccination activities at the clinics), we converted the volunteer time to cost using the mean hourly earnings for Iowa from the Bureau of Labor Statistics for specific occupational codes based on the activities performed (Supplementary Table 1 ). No fringe benefits were allocated to volunteer time, but we applied the university's overhead cost as the vaccination clinics took place in spaces provided by the university. The cost for the third-dose vaccination clinics included double the regular hourly earnings for JCPH employees when the vaccination clinic was held during a national holiday (November 11).
Hours allocated and associated cost are reported separately for standard outbreak response activities and for enhanced response with a third dose of MMR vaccine. The outbreak occurred simultaneously on the university campus and in the adjacent local community; cases were epidemiologically linked between the 2 settings (many students resided in the community with nonuniversity roommates and worked and attended activities in the community). This made it difficult to retrospectively distinguish the time allocated to responding to university population cases vs community cases. Therefore, data collected reflect outbreak response activities for all Johnson County cases (72% occurred in persons affiliated with the university).
This study aimed to assess the outbreak's economic impact from a public health perspective; therefore, we only evaluated cost of outbreak response activities and cost associated with a third dose of MMR vaccine. We did not measure the medical and indirect costs of mumps patients. Response costs accrued by the federal government (CDC) also were not included; the CDC provided technical assistance for the outbreak response.
The Iowa Department of Public Health and the CDC determined that this study was public health-practice nonresearch and was therefore not subject to review by an institutional review board.
RESULTS
Standard Outbreak Response Activities
Forty-six responders participated in standard outbreak response activities from 4 institutions: JCPH (22), Iowa Department of Public Health (12), University of Iowa (9), and Iowa State Hygienic Laboratory (3, not including the number of technicians who performed outbreak-associated laboratory testing). Approximately 5000 hours of personnel time were allocated to response; slightly more than one-third were by JCPH employees ( Table 1 ). The main activities demanding personnel time were case and contact investigation (36%), response planning and coordination (20%), and specimen testing and report preparation (13% each). The distribution of personnel time over the course of the outbreak was characterized by peaks generally following the number of cases reported weekly ( Figure 1) .
The estimated cost for standard outbreak response activities was $357 979, which was relatively evenly distributed among the 4 agencies involved (20%-29%) ( Table 1) . Considering all mumps cases in Johnson County during the study period (449), the cost per case for outbreak response activities was $797.
Enhanced Response: Third-Dose MMR Vaccine Intervention
A total of 1333.5 hours of personnel time were allocated to third-dose vaccination clinics; 72% were spent at vaccination clinics (Table 2) . Important personnel resources were mobilized for the vaccination clinics: 84 individuals worked as vaccinators during the 8 vaccination clinics (Table 3) . Most personnel assisting with vaccination clinic tasks were volunteers; volunteer time accounted for 42% of the overall time allocated for vaccination clinics. The cost associated with personnel time was $77 608 (this is an estimated amount that included the estimated value of volunteer time [$17 580]). Overall, the estimated cost for the third-dose MMR vaccination clinics was $291 368, or $61.50 per vaccinee. Most of the expenses (73%) in vaccination clinics were due to the cost of the MMR vaccine.
Combining the personnel time and cost for standard outbreak response activities and the third-dose MMR vaccine intervention, 6305 personnel hours, 4736 MMR vaccine doses, and 1920 miles (among other resources) were allocated by public health institutions. This amounted to $649 347 in economic impact.
DISCUSSION
We estimated the economic burden of mumps outbreak response including a third-dose MMR vaccine intervention in a highly 2-dose-vaccinated university population from the perspective of the public health and university system. The response required important resource and cost outlays by local and state public health institutions and the university. Approximately 6300 hours of personnel time were required, including time needed to conduct vaccination clinics and laboratory work, for a total of >$649 000 spent for outbreak control.
Costs were roughly equal between standard outbreak control activities (planning, coordination, and implementation of response) and the third-dose MMR vaccine intervention (55% and 45%, respectively). Mumps is usually a mild disease, and incidence of complications is further reduced among persons who have received 2 doses of MMR vaccine [4, 9] . Nonetheless, the prolonged outbreak at the University of Iowa had a substantial impact on both public health institutions and the university. Following protocols for investigation of vaccine-preventable disease outbreaks, state and local public health departments, the state laboratory, and the university performed detailed epidemiological investigation, testing, and response activities to prevent further spread of mumps.
Outbreaks cause disruptions, with public health staff and other resources often being reassigned to outbreak response from other public health activities. About one-third of the overall 5000 personnel hours allocated for the response activities were spent by the local health department; all of the aspects of health department activities were affected: school immunization audits and other less urgent communicable disease follow-up or routine inspections were delayed; accreditation and quality improvement projects were put on hold; staff pulled to help with the outbreak response from noninfectious diseases departments could not attend their routine program and grant meetings; the women, infants, and children supplemental nutrition program and maternal and child health clinics were shortstaffed; clerical support for grant and other program billing was delayed. For the university, apart from dedicating important personnel time to outbreak investigation, various activities were affected. During the outbreak, students missed classes, exams were rescheduled, sport events were canceled, and University of Iowa student volunteers were restricted from participating in activities in the university hospital or interaction with patients and families at the cancer center. Although these disruptions were not quantified in our economic analysis, they represent a significant loss of productivity, and they support the measures employed to control the outbreak and limit virus transmission.
At the time of the study, a third dose of MMR vaccine was neither part of standard public health response to mumps outbreaks nor a routine recommendation, but guidance existed regarding consideration for its use in specific target populations, along with criteria for public health departments to consider for decision-making. These criteria included settings with high (>90%) 2-dose coverage, intense exposure with high attack rates (>5/1000), and ongoing transmission (>2 weeks). Whereas a more limited third-dose approach was initially implemented at 1 fraternity, as the outbreak continued, the decision was made to hold a university-wide third-dose campaign [17] . During the campaign, >4700 doses of MMR vaccine were administered, for an uptake of 25% among eligible students. Most of the costs associated with the third-dose campaign were vaccine expenses. As persons aged >18 years are not eligible for the Vaccines for Children program and state public health discretionary funds are limited, the university purchased MMR vaccine from the private sector at a higher price ($54.01/dose). Even if purchased by the state immunization program using immunization grant funds at CDC contract prices, the vaccine cost would still have been important (the 2015 contract price per MMR vaccine dose for adults was $40.97) [20] . The personnel resources needed for the third-dose campaign during outbreak response competed with the resources needed to implement control measures. Additional volunteer personnel were engaged to perform vaccination clinic activities and to supplement specific university and JCPH efforts.
After years of low numbers of reported mumps cases and no outbreaks, the United States has in the past decade experienced increases in outbreaks and states reporting outbreaks [8, 9] . However, few studies have assessed the economic burden of mumps outbreaks. Only 2 other studies have reported cost data from the public health perspective; in these outbreaks, a third-dose MMR intervention was used [18, 19] . Cost estimates are difficult to compare across outbreaks because of differences in methods used to calculate containment cost and in outbreak setting types. One study was conducted in Guam in 2009-2010, where 505 mumps cases were reported in a highly vaccinated population, with the highest attack rate in children aged 9-14 years [19] . Over 9 months of response, 8264 hours of personnel time were spent, and 2800 MMR vaccine doses were administered. The overall cost for outbreak response and control was estimated at $256 785; the economic impact per household with ≥1 mumps case was estimated at $761, with days missed from work because of illness or caregiving for a child with mumps accounting for most of the cost. The second study was conducted during a mumps outbreak in a highly vaccinated population in Orange County, New York, in 2009-2010; 790 mumps cases were reported [18] . The highest attack rate was in adolescents aged 11-17 years. Over 9 months of response, a total of 7736 hours of personnel time were spent, and 1812 MMR doses were administered. The overall cost for outbreak response and control was estimated at $463 202, with a per-household cost of $827. In 2017, the US Advisory Committee on Immunization Practices (ACIP) examined the evidence on use of a third dose of MMR vaccine during mumps outbreaks. Only 3 studies have examined the impact of a third-dose MMR vaccine for outbreak control. The outbreak investigations in Guam and Orange County, New York [14, 15] found a decline in incidence shortly after the intervention and lower attack rates among third-dose vaccine recipients than among 2-dose recipients, but the difference was not statistically significant. Additionally, the vaccine interventions occurred after the peak of the outbreaks, so the possibility that declines were unrelated to the intervention could not be excluded. The third study was conducted during the outbreak at the University of Iowa where we performed the cost study. That study found that a third dose of MMR vaccine was associated with a lower incidence of mumps, with an incremental vaccine effectiveness of the third dose vs the second dose of 78% (95% confidence interval, 61%-88%) at 28 days postvaccination [13] . The evidence remains limited and insufficient to fully characterize the impact of a third dose of MMR vaccine on reducing the size and duration of an outbreak. After reviewing the evidence on effectiveness and safety of a third dose of MMR vaccine, in October 2017, the ACIP recommended use of a third dose of a mumps virus-containing vaccine (ie, MMR vaccine, or measles-mumps-rubella-varicella [MMRV] vaccine) for persons previously vaccinated with 2 doses who are identified by public health authorities as being part of a group or population at increased risk for mumps because of an outbreak to improve protection against mumps disease and related complications [21] . Our cost study provides additional data on resource allocation and associated costs that are useful for policy-makers and public health professionals when assessing mumps outbreak control strategies.
Our study has several limitations. First, personnel time during the first part of the outbreak when the response was most intense was assessed retrospectively rather than in real time. Thus, even with use of memory aids or official documentation, the potential for recall bias remains. Second, simultaneous outbreak response to cases in the community (28%) and at the university (72%) made the discrimination of activities and resources impractical. Thus, our estimates include cost for response in both settings. Third, the cost study did not cover the entire outbreak period due to logistics; 5 more cases were reported in Johnson County (of which 4 in university students) during the week of finals (May 8-May 13, 2016), and only sporadic cases were reported after, with the last case on July 11, 2016. Fourth, not all costs could be included in our estimates. The cost of disrupting normal activities for the university and students was not evaluated; therefore, the amount of personnel hours and resources diverted for this outbreak investigation is likely an underestimate. The assessed costs should be considered a gross estimate of the real impact of the outbreak. Finally, the number of contacts investigated was not available, precluding determination of cost per contact. In a low-disease incidence era, outbreak response efforts (and associated costs) typically focus on contact tracing and investigation. Assuming 2-5 contacts per case [19, 22] , cost per contact would be $289-$723.
The natural history of mumps outbreaks in settings with high 2-dose coverage is unknown. Most US outbreaks reported during 2010-2017 were small (the median number of cases per outbreak [interquartile range] was 10 [4-26] during 2016-2017), but large outbreaks also occurred (13% of outbreaks reported during 2016-2017 had ≥50 cases [range, 50->300 cases]) [8, 9] . In general, there is high variability regarding timing of an outbreak, the number of cases, outcomes, and resources required for containment. Therefore, cost estimates are specific to each outbreak, and the costs we report may not be applicable to other jurisdictions.
Nonetheless, we documented that response to the 2015-2016 mumps outbreak at the University of Iowa required a substantial public health effort, with reallocation of important amounts of personnel time and resources, comparable to responses to other diseases [22, 23] . The disruptions caused by diverting personnel and resources from other activities are reflected in the important number of personnel hours and associated costs reported.
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